Design and evaluation of a prototype tracking system by Ip, Y.L. et al.
 
 
 
This is the author version published as: 
 
 
This is the accepted version of this article. To be published as : 
This is the author’s version published as: 
 
 
 
 
  
 
Catalogue from Homo Faber 2007 
 
 
 
 
 
 
 
 
 
 
 
QUT Digital Repository:  
http://eprints.qut.edu.au/ 
 
p, Y.L. and Rad, A.B. and Ho, T.K. and Wong, Y.K. (2000) Design and 
evaluation of a prototype tracking system. In: Advances in Control 
Education Symposium, 2000, Gold Coast, Queensland. 
           
Copyright 2000 The Authors 
1 
 
DESIGN AND EVALUATION OF A PROTOTYPE TARGET TRACKING SYSTEM 
 
 
Y. L. Ip, A.B. Rad, T.K. Ho and Y.K. Wong 
 
Department of Electrical Engineering 
The Hong Kong Polytechnic University 
Hung Hom, Kowloon 
Hong Kong 
Email: eeylip@inet.polyu.edu.hk, eeabrad@polyu.edu.hk 
Tel: (852) 27666148, (852) 27666177 
 
 
 
Abstract – In this paper, we present the design and construction of a prototype target 
tracking system. The experimental set up consists of three main modules for moving 
the object, detecting the motion of the object and its tracking. The mechanism for 
moving the object includes an object and two stepper motors and their driving and 
control circuitry. The detection of the object’s motion is realized by photo switch array. 
The tracking mechanism consists of a laser beam and two DC servomotors and their 
associated circuitry. The control algorithm is a standard fuzzy logic controller. The 
system is designed to operate in two modes in such a way that the role of target and 
tracker can be interchanged. Experimental results indicate that the fuzzy controller is 
capable of controlling the system in both modes. Copyright  2000 IFAC 
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1. INTRODUCTION 
 
In its rather short history, fuzzy logic (Zadeh, 1973) 
has made significant contributions to many 
engineering and science disciplines in particular 
control systems. This is evident by increasing number 
of publications related to fuzzy logic. In one of the 
electronic mails sent by Zadeh to BISC group, it was 
indicated that the total number of publications which 
contained “fuzzy” in their title surpassed 16,354 (the 
source of this data -covering 1969 to 1996- was 
INSPEC). However, it is surprising that still many 
undergraduate Electrical Engineering programs do 
not include a systematic course in this important area. 
At present, there is no undergraduate course in fuzzy 
control at the Electrical Engineering Department of 
the Hong Kong Polytechnic University. However, a 
growing number of final year engineering students 
have become aware of the impact of this field and 
choose to work on projects related to fuzzy control. 
This paper reports one such project, which 
demonstrates the performance of standard fuzzy 
controller for the target tracking control system. The 
experimental set up built under this project will be 
used for implementation of adaptive fuzzy controller 
in future. The paper gives a comprehensive 
description of the design of this system such that can 
be replicated at other teaching and research 
laboratories. To supplement the traditional teaching 
methodology, a computer-aided instruction package 
is also developed and a laboratory experiment based 
on the hardware and this software is being prepared 
for final year degree students. It is expected that this 
experiment to be integrated with other laboratory 
practice materials for the subject of “Applied digital 
control”. 
 
The goal of this target tracking system is to control a 
device (e.g. laser pointer) to track a target object 
within a specified area and monitor the target locus 
by use of computer interfacing and software. This 
object will move in a specified 2D plane randomly. 
The system operates in two modes. In mode 1, a laser 
beam tracks a moving object and in mode 2, the 
object tracks the laser beam. 
 
The rest of the paper is organized as follows: An 
overview of the target tracking system is given in 
Section 2. In Section 3, the target detection system is 
discussed. The tracking mechanism is included in 
Section 4. The design of the fuzzy logic controller is 
explained in Section 5. The experimental 
observations are included in Section 6. Finally, the 
paper is concluded in Section 7. 
 
 
2. TARGET TRACKING PLATFORM 
 
The experimental set up consists of the following 
modules:  
A) A mechanical system for moving the object 
(includes 2 stepper motors), 
B) a non-tactile detection system using photo 
switch array to measure the position of the 
object, 
C) A fuzzy logic controller module implemented 
on a Pentium II personal computer using 
Borland Turbo C++  
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D) The actuator mechanism consisting of two 
DC servomotors in mode 1 and two stepper 
motors in mode 2. 
Figure 1 shows a schematic diagram of the complete 
system. In this section, we review all the main 
components of the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The arrangement of target tracking system. 
 
 The Mechanical System 
The mechanical system consists of a 50x50 flat 
wooden board, a cylindrical object with a permanent 
magnet and two stepper motors. The stepper motors 
are used to move the object. The structure of the 
moving object device is similar to an X-Y plotter. 
One stepper motor is placed in X-axis and another 
placed in Y-axis. The combination of a belt and a 
gear is used to form the X-Y moving system. The 
structure is illustrated in Figure 2. 
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Fig. 2. The structure and arrangement of the moving 
object device. 
 
The role of the strong magnet, shown in Figure 1, is 
to move the metallic object on the board.  As shown 
in the figure, the board is placed between the magnet 
and the object.  For this module, two phase 4 wires 
stepper motors with the step angle of 7.5 are used. 
The two-phase drive method is used to control 
stepper motor. The stepper motors are driven by 
power transistors and the opto-couplers. Two signals 
are used to control the speed and number of steps of 
each stepper motor. The first one is an 8-bit signal to 
represent the number of steps. The second one is a 
square wave signal to control the speed of the stepper 
motor. The objective of the control circuit is to 
convert these signals to two phase control sequences 
to drive the two stepper motors simultaneously. This 
enables the moving object to follow a specific locus 
such as a circle, an arc or a line with variable slope. 
 
 Target Detection System 
A photo switch array (Anshi et al., 1993), obtained 
form infrared (IR) sensors, is used for the purpose of 
target detection system. The photo switch array is a 
number of photo sensors aligned in a straight 
sequence to detect the shadow image of the object. 
The photo switch array and transmitters are mounted 
on a plastic material such that to form a square shape. 
There are 24 receivers at each side which are 
positioned at 2 cm apart from each other. The 
information is evaluated and written to the 8255 
interfacing card. A complete description of this 
module will be given in Section 3.   
 
 The Controller 
A fuzzy logic controller is implemented on a 
Pentium II personal computer. The control commands 
are sent to a power amplifier via 8253 clock generator 
in both modes. 
 
 The Actuator 
For Mode 1, the actuator is the DC servomotor. 
The PWM signal from the chip 8253 is fed to the 
servomotor to control the angle of the servomotor. 
For Mode 2, the role of object movement mechanism 
and actuating device is reversed and stepper motors, 
drive circuit and control circuit constitute the 
actuating module. Since the speed of the stepper 
motor is inversely proportional to step time, the speed 
of the stepper motor can be controlled with square 
wave signal via chip 8253. 
 
 
3. TARGET DETECTION SYSTEM 
 
The target detection is an important part of the 
design. Since the fuzzy controller uses this 
information for decision making. To successfully 
control the target tracking system, it is necessary to 
separate the whole task into two parts: data 
acquisition and control. The target detection system is 
responsible for acquiring the data and transmitting 
them to PC that determines the control command 
based on these values. In doing so, routines for I/O 
and programs to handle the communication apart 
from the main control program are needed. This task 
is performed using C++ language program for 
detecting target position. 
 
 
3.1 Target detection system configuration 
 
In order to detect the object position, the IR-signals 
are sent simultaneously to X and Y axes. If an IR 
signal is received: LED ON otherwise, the LED will 
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be OFF. Figure 3a shows the arrangement of the IR-
LED mounted on the board. However, there is a 
problem with this mechanism. The accurate position 
of an object placed in the plane can not be determined 
since it is within the range of more than one IR-LED. 
This problem is demonstrated in Figure 3b. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. a) The structure arrangement of the target 
detection device. b) The receiver can detect the 
shadow of object 
 
The above problem arises since all IR-LED are 
switched on at the same time. The “pooling” 
technique is used to solve this problem. This 
technique involves switching on each IR-LED one at 
a time and in a sequential manner. There are 24 
receivers at each side. The first IR-LED is switched 
on and after 1 ms the second one and so on. After one 
scanning time (24 ms), the position of the object can 
be determined. Since there are two axes, this 
operation should be carried out for both X- and Y-
axes simultaneously. The specification of the target 
detection system is listed in Table 1. 
 
Table 1 Specification of target detection system 
 
Scanning Time 48 ms (typ.) 24 ms(max.) 
Max. Target Speed 20.83 m/s 
Sampling Interval 5  scanning time in Mode 1 10  scanning time in Mode 2 
Max speed of the 
moving object 120 mm/s 
Object size 60 mm , height 50 mm 
Target Area 500 mm  500 mm 
Object number in the 
target area 1 
Resolution 20 mm 
 
The actual position is computed as follows. Suppose 
“1” corresponds to detection of IR signal and “0” 
indicates that the IR signal is blocked. Let us consider 
the x-axis position first. The signal is scanned from 1 
to 24. If a low state “0” is received, the process is 
stopped and the bit number is stored. Then the signal 
form 24 to 1 is checked. Similarly, every time that a 
state “0” is detected, the bit number will be recorded. 
Next, we determine the center point between these 
two bits. For example: if the 24 bit signal are: 
 
Bit: 24 23 22 21 20 19 
State 1 1 1 1 1 1 
Bit: 18 17 16 15 14 13 
State 1 1 1 1 0 0 
Bit: 12 11 10 9 8 7 
State 0 0 0 1 1 1 
Bit: 6 5 4 3 2 1 
State 1 1 1 1 1 1 
 
The signal from bit 1 to bit 24 is checked. It is seen 
that the bit 10 has low state: 
Start bit number = 10 
When the signal is checked from bit 24 to bit 1, it is 
noted  that  bit 14 has a low state. 
End bit number = 14 
10
2
1014 Position  
This equation can be generalized as: 
bitStart
bitStartbitEnd
Position 
2
. 
Similarly, the same method can be applied to 
compute the position due to Y-axis. Finally, the X, Y 
coordinates of the object is determined and the 
position is measured. 
 
 
4. TRACKING SYSTEM 
 
The tracking system includes a laser beam and two 
servomotors. Each servomotor consists of servo 
amplifier, motor, gear reduction and a feedback pot. 
The position servo range is about 180 degrees. To 
control the servo, the command signal to rotate to a 
certain angle is given. A series of pulses are then 
generated. The ON time of the pulse indicates the 
angle to turn to; 1.5ms = 0 degrees, 2.5ms = max 
degrees (about 120) and anything in between gives a 
proportional output angle. The “center” is considered 
to be 2.0ms. This 1.5 ~ 2.5 ms is the limit 
recommended by the manufacturer. The OFF time of 
the pulse train is not critical; it can be anything 
around 20ms. In this design, 10ms to 30ms is used. 
Pulses occurring more frequently than the minimum 
OFF time spacing are likely to interfere with internal 
servo timing, which causes a buzzing sound 
accompanied with vibration of the output arm. If the 
pulse spacing is greater than 50ms (manufacturer 
dependent), then the servo will go to sleep mode 
between pulses. It will move in small steps and its 
output will be jerky (Passino et al., 1998). 
 
 
4.1 Structure and arrangement 
 
Since the laser beam moves in X-Y direction, the two 
servomotors are placed perpendicular to each other. 
A zinc sheet is used to attach them together. The laser 
beam device is fixed in the joint.  
 
 
4.2 Laser position computation 
 
In this experimental set up, the laser beam position 
needs to be monitored. Since the chip 8253 is used to 
generate pulses to drive the servomotor, the position 
of the laser can be measured from this signal. For the 
center position of X-servo, the pulse time is 1.78ms 
(duty on time) and Y-servo is 1.8ms. After these two 
values are measured, the other position can be 
calculated.  
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From the diagram, it is noted that the center position 
time is 1.78ms. Since the angle  is proportional to 
the duty on time (0.01ms/degree). We can calculate 
: 


 97.49
21
25tan
97.4901.078.1
1
t
 
If the point is on opposite side, the sign of angle  
becomes negative. The above method is used to 
calculate the time and then control the servomotor. 
 
If the X-servo motor is not in the center position, the 
Y-servo motor can not control the laser beam to move 
in a straight line due to interaction between X- and Y-
axes. Figures 4 show the nonlinear relation in the 
tracking device. But these behaviors just occur in Y-
servo motor. That means when Y-servo motor is not 
in the center position, we can control the X-servo 
motor to move in a straight line. The relationship of 
this behavior is shown as following: 
 
X 0 2 4.4 7 8.5 
X 0 5.4 10.4 15.8 18.2 
 
The relationship can approximate to a quadratic 
polynomial by least square method (Kreyszig, 1993). 
 
 
 
 
 
 
 
Fig. 4. Nonlinear behavior in the tracking device and 
relationship between y and X. 
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The three parameters are estimated to be: b0=-0.01, 
b1=0.349, and b2=0.006. Therefore, the equation is:  
X=-0.013+0.349X+0.006X2  (1) 
After this relationship is estimated, another curve 
(locus of the beam) should be approximated. The 
relationship between X and y approximated in as: 
y
XX 
25
   (2) 
Now, from equations (1) and (2) 
XXX
yXXX




25
)006.0349.0013.0( 2   (3) 
From the above equation, we observe that the 
position of X is depends on position of Y. So this 
equation can be solve the non-linear problem. The 
position of the laser beam can be measured from the 
above equation. 
 
 
5. THE FUZZY LOGIC CONTROLLER (FLC) 
 
This system is a good example for application of 
fuzzy logic control since it is difficult to obtain a 
mathematical model or even if a linear model is 
obtained, it would not be suitable since the system 
operates mostly in the non-linear range. In the current 
stage, we have not attempted to derive a 
mathematical model and have focused on designing a 
model-free fuzzy controller. The standard FLC is 
designed and applied to this system. 
 
The control software is implemented in Turbo C++. 
The main menu is shown in Figure 5. 
 
 
 
 
 
 
 
 
Fig. 5. Main menu of the program. 
 
The theoretical background of fuzzy systems is 
described in (Jun et al., 1994; Passino and 
Yurkovich, 1998; Shigeo, 1997;Yager and Ronald, 
1994). We take four states and two control variables. 
Actually, two fuzzy controllers (X–axis and Y-axis) 
are implemented. In each controller, we take two 
states and one control variable. The first fuzzy state 
variable is the distance X that the distance between 
the object and the laser point. The second is the 
change of the distance X/t. As output fuzzy 
variable we use the change of servo motor angle  
in Mode 1 or the time per step of the stepper motor in 
Mode 2. All three variables can be either positive or 
negative and are related in the following manner: If 
the distance between the laser point and the object is 
large, the angle change of the servomotor is large. If 
the distance is small or zero, the angle change also is 
small or zero. In the experiment, we have divided 
each set or universe of discourse into seven 
overlapping fuzzy set values. This choice is based on 
prior experience. 
 
The fuzzy logic controller used to control the 
experimental target tracking system uses 
conventional triangular membership functions to 
fuzzify the data measured by the target detection 
device. Furthermore, the fuzzy inference engine 
implements a set of IF-AND THEN rules on the 
distance and change of the distance fuzzy variables 
whose universe of discourse is normalized in range –
1 to 1. These rules are based on heuristic knowledge 
of the behavior and limitations of the experimental 
platform. When these rules are executed, they result 
in the output fuzzy variable labeled out, whose 
universe of discourse is also normalized in range –1 
to 1. , The Center of Area (COA) is used as the 
method of defuzzification to compute the crisp value. 
The details of the COA method is described in (Yager 
and Ronald, 1994) and (Jun, 1994). In actual 
beam
locusCenter
 x
25
x
y
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experiment, we divide all three universes of discourse 
into seven overlapping fuzzy set values labeled 
“positive large” (PL), “positive medium” (PM), 
“positive small” (PS), “zero” (ZE), “negative small” 
(NS), “negative medium” (NM) and “negative large” 
(NL). The actual shape used for such fuzzy sets is 
triangular. And the same rule base and width of the 
triangles that we used to fuzzify and defuzzify in both 
modes. Figure 6 the membership functions of 
respective fuzzy sets. Table 2 shows the matrix rule 
table. 
 
 
 
 
 
 
Fig. 6. Membership functions of the reference fuzzy 
sets associated with the term sets error e, error 
change e and output U used in the rule-base in 
Table 2. 
 
Table 2 Rule base table in Mode 1 and Mode 2 
 
 NL NM NS ZE PS PM PL 
NL NL NL NL NL NM NS ZE 
NM NL NL NM NM NS ZE PS 
NS NL NM NS NS ZE PS PM 
ZE NL NM NS ZE PS PM PL 
PS NM NS ZE PS PS PM PL 
PM NS ZE PS PM PM PL PL 
PL ZE PS PM PL PL PL PL 
 
Mode 1:  Laser Beam Track the object 
For this mode, the actuator is the tracking device 
(servomotor). The objective is to track the object as it 
moves in the plane. The object can move according to 
a fixed trajectory or in random. In this mode, two 
fuzzy logic controllers are used to control the two 
servomotors. Since the servomotors exhibit non-
linear behavior, the two control loops should be 
related. The feedback path X(beam)k and Y(beam)k are 
connected to a block U(k) which is given by equation 
(3). The block diagram of the two control loops are 
shown in Figure 7. 
 
 
 
 
 
 
 
 
Fig. 7. Control Block diagram of the Mode 1 system 
(Laser beam track the moving object) 
 
The set point of this system is the object position and 
the feedback is the laser beam position. Therefore, 
the error represents the distance between the laser 
beam and object. The sign of the error represent the 
direction of the movement. The sampling interval of 
this system was set to 240ms (5 scanning time). From 
the Figure 10, the fuzzy logic controller input is error 
e and delta error e and output is U. Therefore, this 
is a PI-like fuzzy controller. The corresponding 
equation: 
P IU K e ( k ) K e ( k )     
where KP and KI are the parameters of PI controller. 
For tuning the controller, there are many method to 
tune. We can tune the membership function, rule-base 
or input/output scaling factor. The system is tuned by 
the scaling factor. 
 
Mode 2: Object Tracks the Laser Beam 
The objective of Mode 2 is to control the two stepper 
motors to move the object to track the position of the 
laser beam. In this mode, the actuator is the stepper 
motor. For the stepper motor, two values should be 
controlled: One is the number of steps; another one is 
the time per step. We controlled the time per step and 
set the number of steps to infinite. If the number of 
step is infinite, this stepper motor will become a DC 
motor. The intention was to control the speed of the 
stepper motor. This is very similar to DC motor that 
we use PWM to control the DC motor speed. 
 
In this mode, a PD-like fuzzy controller is used to 
control the stepper motor. The fuzzy logic controller 
input is error e and delta error e and output is U. 
The input and output value is normalized in range –1 
to 1. The control block diagram shown in Figure 8. 
 
 
 
 
 
 
 
 
 
Fig. 8. Control Block diagram of the Mode 2 system. 
(Object track the moving laser beam). 
 
The set-point in this system is laser beam position 
and the feedback signal is the position of the object. 
The error also is the distance between the laser beam 
and object. The sign of the error represent the 
direction of the movement. So the direction of the 
actuator is depends on sign of the input error. For 
example: If the input error is negative, then the output 
value is negative. Therefore, the direction is move up. 
Otherwise the direction is down. The sampling 
interval of this system is 480ms (10 scanning time). 
The output value is representing the speed (step per 
time) of the stepper motor (step/ms). But the control 
signal of the stepper motor is “time per step”. 
Therefore, the output of the fuzzy logic controller is 
inverted and then is sent to the stepper motor.  
 
 
6. EXPERIMENTAL RESULTS AND OBSERVATIONS 
 
As with every real-life design, we have also made 
assumptions that simplify the design procedure 
described in this paper. Therefore, it is important to 
verify that such assumptions are valid and that they 
do not result in an unacceptable system performance.  
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Mode 1 
The following table shows the set of scaling factors 
(e, e and u) which are obtained by trial and error: 
 
Figure 9 shows the response and the control signal in 
Mode 1 target tracking process. From the above 
response curve, the response of both controller is 
good enough. The rise times is low and the response 
has some overshoot and very small steady state error 
(within 0.2%-0.3%). But the response still has small 
time delay. 
 
 
 
 
 
 
 
 
 
 
Fig. 9. The response and control signal in Mode 1. 
 
Mode 2 
The following table shows the set of scaling factors 
(e, e and u). 
 
Figure 13 shows that the response in this mode is also 
acceptable with some overshoot and no steady-state 
error. Since the fuzzy logic controller output is 
inverted, the shape of the control signal is quite 
different. It also has some response delay. From the 
Figure 10 (Y-coordinate), three dotted lines are 
shown. At the first peak of the output response, the 
related control signal is about 25ms/step. When the 
error become small, the control signal is increased. 
This implies that the speed of the object is decreased. 
The second and third dotted lines represent that it has 
a high value of the control signal when the response 
is across the set-point. This means that the value of 
control signal is the peak. That means the object is 
moved slowly when the position of the object is near 
the set-point. Therefore, this response is quite 
acceptable. 
 
 
 
 
 
 
 
 
 
 
Fig. 10. The response and control signal in Mode 2. 
 
After the above two systems were tuned, it was 
observed that the scaling factors were the main 
parameters used for tuning the FLC. The reason for 
this is that changing the scaling factors changes the 
normalized universes of discourse, the domains, of 
the membership functions of the fuzzy values of input 
/ output variables of the FLC. The scaling factors 
have a dramatic effect on the performance of the 
controlled object (Passino and Yurkovich, 1998). 
7. CONCLUSIONS 
 
The proposed target tracking system with fuzzy logic 
controller performs very well in both modes. The 
system is going to be used a test-bed for further work. 
 
For the feedback in Mode 1, we have approximated 
the beam position. In future work, a video camera 
with a vision system will be used to monitor the beam 
position. This provides the actual feedback of the 
system in Mode 1. Furthermore, the velocity of the 
moving object can also be estimated. Further 
problems arise from the fact that we use the image to 
find the beam position. Since the measurements are 
noisy and have a relatively large quantization error, 
we end up computing an even noisier estimate of the 
velocity. Introduction of filtering techniques in the 
vision system can potentially result in a better system 
performance because of a smaller velocity error. 
 
The addition of an extra state, however, will render 
the manual tuning approach to determine the fuzzy 
set values or the scaling factor a more challenging 
task. It might even be necessary to implement an 
adaptive fuzzy logic controller that obtains suitable 
control parameters. This may have a better the 
performance and stability of the target tracking 
system. This experiment system provides an 
opportunity for the students to experience the 
performance of the controller actions when applied to 
the system. The students can also design a system 
identifier to identify the system dynamics. i.e. Fuzzy 
identifier or Polynominal identifier. And then they 
can design different controllers based on the system 
model to compare the behaviour of the controllers. 
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